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論文内容要約 
Electrical control of collective magnetic ordering, or magnetic degrees of freedom, is one of the most 
important research topics in the field of spintronics. External magnetic field has been widely used to 
manipulate magnetization orientation of ferromagnets from a long time ago. In the end of 20th century and 
beginning of 21st century, current-induced switching of magnetic degrees of freedom was demonstrated in 
current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) structure and magnetic tunnel 
junction (MTJ) structures through the spin-transfer torque (STT). About 10 years later, current-induced 
torque via the spin-orbit interaction, so-called spin-orbit torque (SOT), was found to be also capable of 
switching the magnetization under current injection. These electrical method to control magnetization is 
scalable, allowing to reduce power consumption by reducing size of devices used in spintronics-based 
electronic circuits. In the aspect of magnetic degrees of freedom, the magnetization of ferromagnet is the 
primary example of the magnetic degree of freedom and has been controlled by external magnetic field or 
electric current. Also, orientation of magnetization can be electrically detected through spin-dependent 
transport phenomena such as tunnel magnetoresistance (TMR) effect, GMR effect, anomalous Hall effect 
(AHE), and so on. In recent years, the Néel vector, which represents a magnetic ordering of collinear 
antiferromagnet was found to be able to be electrically switched by SOT. Since antiferromagnets have no 
stray fields and can be controlled in a much shorter time scale than ferromagnets, an emerging research 
field, referred to as the antiferromagnetic spintronics, has been rapidly growing in recent years. However, 
the change of electrical conductivity by switching of Néel vector is relatively small (several m) and 
electrical detection of orientation of Néel vector is considered to be difficult. Recent studies of geometrically 
frustrated materials show a large AHE in non-collinear antiferromagnets. Owing to geometrical frustration 
and Dzyaloshinskii-Moriya interaction, these materials have antiferromagnetic chiral spin structures 
formed by local magnetic moments. In spite of antiferromagnetic ordering, non-collinear antiferromagnets 
exhibit a large AHE generated by their topologically non-trivial spin texture and their chiral spin structures 
can be electrically detected through AHE. The first observation of a large AHE was conducted in bulk single 
crystal non-collinear antiferromagnets and switching of chiral spin structure was induced by external 
magnetic field.  
In this work, I focus on “methods of electrical control of magnetic ordering” and “magnetic degrees of 
freedom”. Here, SOT is used as a method of electrical controls of magnetic ordering. Regarding magnetic 
degrees of freedom, magnetization of ferromagnet and chiral spin structure of non-collinear antiferromagnet 
are targets of electrical controls.  
In chapter 1, background, objectives, and structure of the thesis are presented.  
In chapter 2, several fundamental principles behind my research are described. This chapter contains 
basis for geometrical phase (Berry phase), intrinsic Hall effect, extrinsic Hall effect, magnetic and transport 
properties of non-collinear antiferromagnets, dynamics of magnetic moments and spin-orbit torques. 
 In chapter 3, SOTs in heavy metal (HM) / ferromagnetic metal (FM) heterostructure is investigated. The 
SOTs are known to originate from spin Hall effect and/or Rashba-Edelstein effect in broken inversion 
symmetry such as magnetic heterostructures. These two effects give rise to spin accumulation at interface of 
heterostructure and the accumulated spin generates torque acting on magnetic moment of magnetic layer. 
Because both spin Hall effect and Rashba-Edelstein effect originate in the spin orbit coupling, the resultant 
current-induced torque is referred to as the SOT. SOTs have two components with different symmetries. 
One is the Slonczewski-like (SL) torque and the other torque is the field-like (FL) torque. A large SL torque is 
desirable for SOT devices with low power consumption, whereas FL torque might cause switch-back effect. 
In this work, I focus on SOTs in W/CoFeB/MgO heterostructure with which large SL efficiency has been 
reported. In addition, recent study shows that SL efficiency can be enhanced by increasing W resistivity (W) 
in range of 100~200 cm. Here, I firstly evaluate W thickness (tW) dependence of both SL torque and FL 
torques. Secondly, I investigate W dependence of SOTs in W/CoFeB/MgO with W of ~860 cm. I prepare 
in-plane magnetized W/CoFeB/MgO films with various tW and W. The SOTs are measured by an extended 
harmonic Hall measurement. The evaluated SL torque is one order of magnitude larger than FL torque. In 
addition, tW dependence of SOTs suggests that SL torque is mainly induced by bulk spin Hall effect and FL 
torque mainly originates from interfacial SOT such as the Rashba-Edelstein effect. From evaluation of W 
dependence of SOTs in W/CoFeB/MgO, both SL and FL efficiency can be enhanced by increasing W and SL 
efficiency reaches -1.6 at W = 860 cm, which is larger than any previous reports. The effective spin Hall 
conductivity versus W conductivity indicates intrinsic spin Hall effect and/or side-jump scattering are 
possible mechanisms of the spin Hall effect of our W.  
   In chapter 4, I demonstrate an electrical switching of non-collinear antiferromagnet using SOTs. For this 
purpose, I firstly deposited epitaxial D019-Mn3Sn films that exhibit an anomalous Hall effect. By using 
MgO(110) substrate and W/Ta buffer layer, I succeed in growth of epitaxial Mn3Sn(11̅00) film with 
anomalous Hall resitivity of 0.5 cm. Next, I measure Hall resistance dependence of electric current in 
epitaxial W/Ta/Mn3Sn/Pt and poly-crystalline CoAl/Mn3Sn/Pt. For samples of W/Ta/Mn3Sn/Pt 
heterostructure, behavior of Hall resistance versus electric current well agrees with the rotation of chiral 
spin structure by spin-orbit torque. Meanwhile, partial switching of Hall resistance is observed in 
CoAl/Mn3Sn/Pt. I discuss the mechanism for the observed current induced switching of non-collinear 
antiferromagnet while using numerical simulation with the Landau-Lifshits-Gilbert equation. By 
considering uniaxial anisotropy in kagome plane, electrical switching of chiral spin structure can be 
explained. However, our numerical study shows the direction of electrical switching of chiral spin structure 
depends on initial state of spin structure and this does not agree with my experimental result. Further 
investigations are required for full understanding of current induced switching of the anomalous Hall 
resistance in non-collinear antiferromagnets. 
   In chapter 5, critical current of SOT induced switching of magnetization and chiral spin structure versus 
width of pulse current are investigate through the Landau-Lifshits-Gilbert equation while referring previous 
experimental reports. By comparing the results between magnetization and chiral spin structure, my study 
indicates that the usage of chiral spin structure can reduce critical current by one or two order of magnitude 
smaller than magnetization at sub-ns regime. 
   In chapter 6, conclusions of this thesis are presented. The present results are expected to pave the way 
toward an effective way to electrically control magnetization with low power consumption and demonstrate 
the switching of chiral spin structure in non-collinear antiferromagnets. From comparison of magnetization 
and chiral spin structure as magnetic freedoms of degree controlled by electrical means, chiral spin structure 
is insensitive to external magnetic field and has a potential to be electrically manipulated with one or two 
order magnitude smaller current than that of SOT induced magnetization switching at sub-ns~ns regime. 
 
